Tailed bacteriophages and herpesviruses load their capsids with DNA through a tunnel formed by the portal protein assembly. Here we describe the X-ray structure of the bacteriophage SPP1 portal protein in its isolated 13-subunit form and the pseudoatomic structure of a 12-subunit assembly. The first defines the DNA-interacting segments (tunnel loops) that pack tightly against each other forming the most constricted part of the tunnel; the second shows that the functional dodecameric state must induce variability in the loop positions. Structural observations together with geometrical constraints dictate that in the portal-DNA complex, the loops form an undulating belt that fits and tightly embraces the helical DNA, suggesting that DNA translocation is accompanied by a 'mexican wave' of positional and conformational changes propagating sequentially along this belt.
Introduction
During viral particle assembly, tailed bacteriophages and herpesviruses package their DNA into a preformed viral shell using a molecular motor. The central component of this motor is the portal protein, a circular oligomer with a central tunnel through which the DNA is translocated into the viral procapsid during the assembly process, or ejected out of the mature capsid during the host cell infection (Hendrix, 1978) . Viral particle assembly starts by the formation of a procapsid with a portal protein embedded in one of the twelve five-fold icosahedral symmetric vertices of the shell (Figure 1) . At a later stage, a complex composed of the viral ATPase and DNA binds to the portal vertex to form a DNA translocating molecular motor. In bacteriophage f29, the motor can generate a force of up to 57 pN, making it one of the most powerful molecular motors discovered so far (Smith et al, 2001) . Such a force is needed to pump DNA against the high internal pressure that increases as the viral DNA is encapsidated.
Portal proteins of different phages and herpesviruses show no detectable similarity in the amino-acid sequence and exhibit large variations in their subunit molecular masses, for example, 36 kDa for phage f29 and 57 kDa for phage SPP1 portals (Valpuesta and Carrascosa, 1994) . Nevertheless, available electron microscopy (EM) data show that they all share a common turbine-like shape (Valpuesta and Carrascosa, 1994; Orlova et al, 1999; Trus et al, 2004) . Although in all species, the portal protein is a central and essential component of the DNA-translocating machine, the organization of the molecular motor varies. In bacteriophage f29, the motor consists of three coaxial macromolecular rings: the portal protein, the procapsid RNA (pRNA) and the ATPase (Simpson et al, 2000) . There is no evidence for the presence of pRNA in other bacteriophages where an additional protein is normally required for DNA packaging, gp1 in the case of the Bacillus subtilis bacteriophage SPP1 (Chai et al, 1995) . In contrast, a circular oligomeric ATPase (Simpson et al, 2000) appears to be a shared feature of the DNA translocating complexes, and such assemblies have been proposed for T3, T4 and lambda phages (Catalano, 2005) . In bacteriophage SPP1, the molecular motor, consisting of three proteins (Figure 1 )-gp1, gp2 (ATPase) and gp6 (portal protein)-powers translocation of the 45.9 kbp chromosome (Camacho et al, 2003; Oliveira et al, 2005) . Different components of the DNA-translocating motor possess distinct rotational symmetries, for example, the capsid's vertex has five-fold symmetry and the B-form DNA has a 10 1 screw axis. In common with the herpesvirus portal protein (Trus et al, 2004) , the portal protein of bacteriophage SPP1 can exist as a circular assembly with varying number of subunits: it is found as a 13-subunit assembly in its isolated form and as a 12-subunit assembly when integrated into the functional viral capsid (Orlova et al, 2003) .
How exactly the molecular motor works has been the subject of much debate. The low-energy barriers to rotation of symmetry mismatching protein rings relative to each other led Hendrix (1978) to propose that DNA translocation is accompanied by rotation of the portal protein inside the capsid vertex. Different models of DNA translocation, all involving the rotation of the portal protein, were put forward following the EM image analysis of the SPP1 portal protein (Dube et al, 1993) and the determination of the X-ray structure of the f29 portal protein (Simpson et al, 2000; Guasch et al, 2002) . However, until the work presented here, the structural data did not characterize the segments defining the most constricted part of the internal tunnel (tunnel loops) that would be in close contact with the DNA during translocation. This issue is addressed by the X-ray structure of the SPP1 portal protein 13-mer and reconstruction of its 12-mer active form. The combination of structural data with geometrical and symmetry constraints imply that DNA translocation is accompanied by sequential conformational changes propagating along the belt of tunnel loops with the portal protein remaining engaged with the DNA.
Results and discussion
X-ray structure of the SPP1 portal protein 13-mer The structure was solved by single isomorphous replacement with a mercury atom attached to C55, the only cysteine residue in the sequence. All 13 heavy atoms were located by a molecular replacement search against the isomorphous difference data using a 13-atom ring of variable radius as the search model. Analysis of omit-maps calculated after initial refinement of the structure did not reveal any significant deviations of individual subunits and their domains from the 13-fold symmetry. The final model was refined at 3.4 Å ( Figure 2A and Table I ). The 13 subunits of the 745 kDa portal protein are arranged around the central tunnel in a circular assembly with an overall diameter of B165 Å and a height of B110 Å ( Figure 2B and C). Each subunit can be subdivided into regions that we have named clip, stem, wing and crown ( Figure 2D ). The clip forms the base of the portal protein and is expected to be exposed to the outside of the procapsid during viral particle assembly. This region has an a/b fold and is connected by a two-residue segment to helix a3 and by a five-residue segment to helix a5, both part of the stem. Helices a3 and a5 are tilted relative to the tunnel axis by B501 and B301, respectively, and span the length of the stem. The stem connects the clip to the wing, which makes up the outer part of the molecule. This wing region is largely a-helical except for a distal b-sheet. Its 40-residue long helix a6 spans the subunit from the central tunnel to the peripheral rim of the wing. An extended 21-residue segment links this long helix to the crown, which consists of three a-helices connected by short turns and 40 additional C-terminal residues that are disordered in this structure.
Helix a5 is connected to a6 by a 15-residue loop (345-359) that we refer to as the tunnel loop as it protrudes into the tunnel with a seven-residue segment lining its internal surface. The body of this seven-residue segment is tilted at B151 to the tunnel axis as seen in Figure 2A . The loops from adjacent subunits do not make any direct hydrogen-bonding interactions with each other but make extensive van der Waals contacts that stabilize their conformation and position in the tunnel. Their tilt ensures conjugation between their positions. The belt formed by these loops defines the most constricted area of the tunnel with a diameter of 27 Å in the 13-mer ( Figure 2B ). Another well-defined narrowing of the tunnel, with a somewhat larger diameter, is located at the base of the portal protein in the clip. It is formed by short loops, residues 312-315, connecting two b-strands.
Three-dimensional mapping of critical mutations
The crystal structure makes it possible to rationalize the results of previous mutational studies on the SPP1 portal protein. A number of point mutations in the gene encoding the portal protein impair DNA packaging, without disrupting the assembly of the portal protein oligomer or its incorporation into the procapsid (Isidro et al, 2004a, b) . The corresponding residues are shown on Figure 3 . Many of these line the central tunnel or are part of the tunnel loop (Figure 3) . Impairment of DNA packaging caused by single amino-acid substitutions V347A, V347 M, S350P and G360V in the tunnel loop (Isidro et al, 2004a) suggests that the structural organization of this loop is essential for DNA translocation. Mutations of residues D318, E334 and E352 suggest that the negative charge of the tunnel is important for function. Interestingly, the E352G mutation in the tunnel loop reduces the efficiency of DNA translocation into capsids (Isidro et al, 2004b) . At the same time, this substitution reduces ATP hydrolysis by the packaging motor (Oliveira et al, 2006) , indicating a crosstalk between the tunnel loop and the viral ATPase. Further support for the portal-ATPase crosstalk hypothesis is provided by the single amino-acid substitution T319A. This mutation results in a poor stimulation of the ATPase activity and in diminished DNA packaging (Oliveira et al, 2006) , suggesting that T319 is located within a path of signal/force transmission between the tunnel loop/helix-5 and the ATPase. A number of other mutations in the same area as T319 indicate residues (yellow in Figure 3 ) that may play similar roles. A cluster of mutations at the base of the Figure 1 Bacteriophage SPP1 assembly. Double-stranded DNA is translocated into the procapsid through the portal protein, which together with the viral ATPase, forms a molecular motor. After termination of packaging, head completion proteins (gp15 and gp16) bind to the portal protein forming a head-to-tail connector. Tail attachment to the connector yields the infective phage particle.
portal protein, in the clip (pink in Figure 3) , that also impair DNA packaging are likely to disrupt interactions of the portal protein with the ATPase during DNA translocation and with gp15 after termination of packaging (Lurz et al, 2001; Orlova et al, 2003) . Finally, several mutations in the crown (green in Figure 3 ) indicate importance of a proper structural organization of this area for DNA translocation.
Comparison with the /29 portal protein structure: evolutionary implications Although there is no detectable amino-acid sequence similarity between the portal proteins of SPP1 and f29 phages (Supplementary Figure S1) , the three-dimensional structures of the two proteins contain cores with a strikingly similar fold. In particular, the fold of both proteins in the region spanning helix a3 to helix a6 is identical ( Figure 4A ). This segment makes up 46% of the f29 portal protein sequence. Furthermore, the b-sheet in the wing domain of each protein appears to have the same topology, although a detailed comparison is not possible because part of the SPP1 portal protein wing domain is disordered. On the other hand, two protein segments disordered in the f29 portal protein structure (Simpson et al, 2000; Guasch et al, 2002) are observed in the structure of the SPP1 portal protein. These are the tunnel loop defining the narrowest region of the SPP1 portal tunnel, and the 24 C-terminal residues, that by analogy with the SPP1 portal protein could form a crown in the f29 portal protein.
A longer C-terminal region and a considerably larger wing ( Figure 4A ) account for the 21 kDa larger molecular mass of the SPP1 portal protein.
The a3-a6 segment conserved in f29 and SPP1 phages is likely to be found in portal proteins from other phages and herpesviruses, where secondary structure predictions indicate a very similar pattern of helices and strands with comparable length and spacing ( Figure 4B ). This conserved core segment is likely to be an ancient structure, retained during evolution to serve a common function in genome packaging.
It has already been shown that the major capsid proteins of bacteriophages HK97, P22, f29, T4, epsilon 15 and herpes (Simpson et al, 2000) . The first and last residues of helices a3, a5 and a6 are indicated.
simplex virus have an identical fold (Wikoff et al, 2000; Baker et al, 2005; Morais et al, 2005; Jiang et al, 2006) . The a-helical structure of the scaffolding protein that assists the association of the major capsid protein was also shown to be conserved (Sun et al, 2000; Morais et al, 2003) . The similarity between the three-dimensional structures of f29 and SPP1 portal proteins provides additional evidence for the proposal that the dsDNA tailed bacteriophages diverged from a common ancestor, which was the root of the lineage formed by tailed phages and herpesviruses (Bamford et al, 2005) . Equally this conservation suggests that the mechanism of DNA translocation is similar in all these systems.
Subunit-subunit interactions
The 13-subunit assembly of gp6 is mostly stabilized within the clip, which contains a tightly packed ring of threestranded b-sheets each made up of two strands from one subunit and one strand from an adjacent subunit. This is the only area with direct main-chain/main-chain inter-subunit hydrogen bonds. Within the rest of the structure, only 12 side-chain hydrogen-bonding interactions are observed between adjacent subunits. As the contact area between adjacent subunits is 2800 Å 2 , this is equivalent to 4.3 hydrogen bonds per 1000 Å 2 . This contrasts with the average value of seven hydrogen bonds per 1000 Å 2 of contact area calculated for 36 dimeric proteins (Jones and Thornton, 1996) . For these proteins, 35% of interface atoms are polar compared to 39% in the portal protein. Thus, in spite of having a more polar interface, the portal protein (excluding the clip domain) has only about half the expected number of direct intersubunit hydrogen bonds. The 2.1 Å resolution X-ray structure of the f29 portal protein (Guasch et al, 2002) shows a very similar situation, with most inter-subunit hydrogen-bonding contacts in the clip area (residues 162-197) . Again, the rest of the structure appears to be loosely bound, with only 4.4 hydrogen bonds per 1000 Å 2 (nine per B2050 Å 2 ) of contact area. The low number of direct hydrogen bonds between the polar contacting surfaces suggests flexibility at the subunitsubunit interface. This hypothesis is further supported by the ability of the SPP1 portal protein to assemble into rings containing 12 (Dube et al, 1993; Lurz et al, 2001) , 13 (Dube et al, 1993 ) and 14 (unpublished) subunits and by the observed deviation of individual subunits in the bacteriophage f29 portal protein from the 12-fold symmetry (Simpson et al, 2001; Xiang et al, 2006) . In both SPP1 and f29 portal proteins (Simpson et al, 2001) , the lack of good contacts between neighboring subunits is compensated by charge complementarity (Figure 4C and D) between the opposing surfaces of neighboring subunits.
Molecular lever
The most distinctive feature of the portal protein is that the long helix a6 contains a 1351 kink ( Figure 2D ). This unusual conformation is stabilized by interactions with the C-terminus of helix a5, which is approximately perpendicular to a6. Helix a5 itself has hydrophobic interactions with the roughly parallel helix a3. Two direct hydrogen bonds (A358-N421 and The value of the merging R-factor between equivalent measurements of the same reflection,
For calculation of R free , the sum was taken over randomly chosen 1% of reflections, which were excluded from the refinement. All other reflections in the range 40.0-3.4 Å were used in the refinement. (Isidro et al, 2004a, b) . The SPP1 portal protein monomer is shown as a ribbon. The residues, shown as spheres centered at their Ca atoms, are subdivided into five groups: (red) residues in the tunnel loop and residues contributing to the negative charge of the tunnel's surface; (magenta) residues at the base of the portal protein that are likely to interact with the ATPase and gp15; (yellow) residues that could be involved in signal-force transmission between the portal protein and the ATPase and/or carry a structural role; (green) residues involved in stabilization of the crown; and (blue) residues with unassigned function. G360-E424) linking the tunnel loop and the N-terminus of a6 to the crown further stabilize this kinked conformation ( Figure 4E ).
As the tunnel loop connects helices a5 and a6, the mutual orientation of these helices is critical for its position in the tunnel. The conservation of the three-helical substructure (a3, a5 and a6) in the portal proteins of bacteriophages SPP1 and f29 ( Figure 4A ) and its apparent conservation in other viruses ( Figure 4B ) strongly suggest that this substructure is important for DNA translocation. Mutagenesis and biochemical data (Isidro et al, 2004b; Oliveira et al, 2006) support this hypothesis with a group of five different mutant proteins (Figure 3 ) leaving little doubt about the involvement of the tunnel loops in the process. One of the mutated residues, V347, is in the tunnel loop with its side chain underpinning the kink in the helix a6 ( Figure 4E ). Its substitutions to alanine (smaller) or methionine (larger) abolish DNA packaging. These substitutions would alter the kink in helix a6 and/or the conformation of the loop.
To investigate possible conformational changes in the portal protein and in particular the potential movements of the tunnel loop, we performed normal mode analysis calculations. These showed low-energy modes that correspond to the up and down movement of the loop along the direction of the tunnel (Supplementary Movie S1). Inspection of the structure shows that the structural motif comprising a5 and a6 could function as a molecular lever acting on the tunnel loop, in which a slight vertical shift of helix a5 is associated with a much larger shift of the N-terminal end of helix a6 and the tunnel loop, in the direction of tunnel axis ( Figure 4E ). The straightened helix a6 gains five additional a-helical hydrogen bonds, which are otherwise disrupted by the kink of a6. Between the two positions shown in Figure 4E , the end of the loop moves by about 7 Å along the tunnel. Reconstruction of the pseudoatomic structure of the 12-mer, described in the following section, provides experimental evidence for the variability in the positions of tunnel loops within the functional dodecameric assembly.
Pseudoatomic structure of the SPP1 portal protein 12-subunit assembly The X-ray analysis was carried out for the isolated SPP1 portal protein, which forms a 13-subunit assembly. However, inside phage particles, the protein forms a 12-subunit assembly (Lurz et al, 2001) . EM maps of the SPP1 portal protein are available both for the isolated 13-subunit oligomer (9 Å resolution) and for the connector (10 Å resolution; Figure 5A and B)-an assembly purified from viral capsids consisting of the 12-mer portal protein in a coaxial complex with two other viral components (Orlova et al, 2003) . We generated a pseudoatomic structure of the 12-subunit state by fitting subunits from the X-ray structure of the 13-mer into the EM map of the connector, using the spherically averaged phased translation function in MOLREP (Vagin and Isupov, 2001) . To assess the accuracy of the procedure, we first generated a pseudoatomic model for the isolated 13-subunit assembly for which both crystal and EM structures are available. The reconstructed structure was obtained by fitting subunits as rigid bodies into the EM maps, and proved to be in excellent agreement with the X-ray structure, with the r.m.s. deviation calculated over Ca atoms of the whole oligomer of 0.44 Å . All the regions in the protomer had clear density in the EM maps (data not shown).
A similar fitting into the EM map of the SPP1 connector gave a model for the 12-subunit assembly of the portal protein. This model had acceptable subunit contacts except for the crown and the tunnel loop regions. Here the EM maps indicated positional rearrangements; so the initial fitting was (E) Ca models of SPP1 (magenta) and f29 (blue) portal proteins are fitted into five-fold averaged EM maps of f29 proheads (Morais et al, 2005) . The EM density is contoured at two different levels with the yellow map at a 25% lower contouring level than the pink map. For clarity, only a 16 Å slice of the maps and models is shown. (F) Changes in subunit-subunit contacts during 13-to 12-mer transition. Two diametrically opposite subunits of the 13-mer (left) and 12-mer (right) structures with van der Waals size of the tunnel are shown for the clip, tunnel loop and crown areas. Atoms forming short inter-subunit contacts (o3 Å ) to the next subunit are highlighted in yellow. The two contact areas (dashed pink boxes) are different; the subunits in the 12-mer 'roll' around the inter-subunit rotation axis (orange) to pack much more snugly. This forces substantial conformational changes in the crown and the tunnel loop (dashed blue ovals). The simple packing model schematized in black shows how the 12-mer tunnel diameter is considerably reduced by this rocking motion.
refined by dissecting each subunit into segments and docking them as rigid bodies while maintaining 12-fold symmetry constraints. The resulting model is shown in Figure 5A -D. The crown and a segment comprising the tunnel loop and 10 N-terminal residues of a6 undergo positional changes. Of particular interest is the B3 Å movement of the N-terminal end of a6 towards helix a5. As predicted for the molecular lever formed by these helices, this shift correlates with a smaller shift of a5. In addition, there is a rearrangement in the clip region in an outer loop that interacts with gp15, a connector protein that binds to gp6 (Orlova et al, 2003) . Weak electron density corresponding to the exposed tunnel loop (residues 353-355; Figure 5C and D) suggests variability in conformation and/or position. Similarly, in the crystal structures of the 12-subunit assembly of the f29 portal protein (Simpson et al, 2000; Guasch et al, 2002) , 17 amino acids (229-245) that could form a tunnel loop are disordered. Inspection of the EM maps of the f29 portal protein embedded in the procapsid (Morais et al, 2005 ) reveals narrowing of the tunnel in the same area as observed in the SPP1 portal protein ( Figure 5E ). The density in this region, as well as for the putative crown, is weaker than average, suggesting conformational variability in these parts of the f29 portal. Taken together, the evidence from the f29 and SPP1 portal protein X-ray structures and the EM reconstructions suggests that the tunnel loops' conformations are variable in the 12-mer assembly.
The diameter of the tunnel loop belt is substantially decreased on the transition of gp6 from a 13-mer to a 12-mer. Assuming that all 12 tunnel loops have the same conformation, the diameter decreases by B10 Å (Figure 5F ), a substantially greater contraction than a simple scaling down by a factor of 12/13. This is a result of the reorientation of the subunits and the different interactions within the 12-mer and the 13-mer assemblies. The changing pattern of inter-subunit contacts ( Figure 5F , pink boxes) in the 13-mer-12-mer switch suggests that (i) the greater part of adjacent subunits move as a rigid body around a rotation axis tilted with respect to the tunnel axis and (ii) the crown and the tunnel loop (blue ovals) undergo additional conformational changes to avoid clashes. The data suggest that in the 13-mer assembly, there is sufficient room to allow all 13 tunnel loops to obey the circular symmetry, whereas this is not so for the 12-mer assembly.
Portal protein rotation
The transient nature of the portal protein-DNA complex and the predominantly glycine/proline-rich character of tunnel loops ( Figure 4B ) favor shape-matching interactions between the moving components of the molecular motor. Together with tight contacts caused by the small diameter of the tunnel, such interactions with DNA imply the presence of a pronounced energy minimum. This favorable state will repeat at the specific positions of the protein and the DNA, that is, when the portal protein is rotated by every 301 around its 12-fold symmetry axis and/or when the DNA is rotated by 361 and translated by 1 bp (10 1 symmetry). The energy minima are shown on Figure 6 ; DNA translocation will be associated with a certain path through these minima. Figure 6 shows three pathways connecting adjacent minima. The first corresponds to the model of DNA translocation considered by Hendrix (1978) , which involves 361/bp rotation of the portal protein with respect to the DNA ('nut and bolt' mechanism). The second (Dube et al, 1993) was proposed for the 13-mer assembly and, when adapted for the 12-mer assembly, involves 91/bp rotation of the portal protein in the opposite direction. The third is a feature of the model of DNA translocation proposed by Simpson et al (2000) and involves 61/bp rotation. It should be emphasized that the relative rotation of the portal protein and the DNA occurs for all rational pathways.
The scheme (Figure 6 ) allows classifying possible translocation pathways in terms of total displacements occurring at the interaction interface. The pathway suggested by Simpson et al (2000) corresponds to the shortest route between the adjacent energy minima. Transitions between the same energy minima could be achieved via different structural events. Simpson et al (2000) suggested a 'peristaltic pump' mechanism of DNA translocation, controlled by the inclination of tunnel helices, where movements within all 12 subunits are synchronous. Another mechanism following the same pathway, proposed later by Guasch et al (2002) , is based on the assumptions that the portal protein remains rigid and the DNA translocation is achieved by its electrostatic interactions with lysine side-chain nitrogens, which form two rings in the portal protein tunnel (with a diameter of B31 Å ). In both mechanisms, proposed in the absence of structural information about the tunnel loops, the rotational symmetry of the portal protein assembly remains preserved. In our mechanistic model, described below, DNA translocation follows the same pathway (Simpson et al, 2000) . However, based on the structural data reported above, we argue that the tunnel loops are arranged asymmetrically around the DNA and that the DNA translocation is accompanied by sequential conformational changes in loop positions. Figure 6 Energy landscape generated by the mismatching symmetries of portal protein and DNA. The X-and Y-axis correspond to the relative rotation and translation of the portal protein and the DNA, respectively. The relative scale on X and Y is such that distances on the drawing are proportional to those at the interface between the DNA and the tunnel loops. The energy minima form a periodic pattern. The horizontal separation between the minima corresponds to the observed 5.5 Å distance between the tips of the neighboring tunnel loops and the vertical separation corresponds to the 3.4 Å (1 bp) translation of the DNA. The combination of the two rotations (36-301) effectively results in 61 horizontal angular separation between the minima, which corresponds to 1.1 Å horizontal displacement between the tips of the tunnel loops.
Model of the portal protein-DNA complex
Structural observations on the SPP1 portal protein impose constraints on possible models of portal protein complex with DNA. We note that the diameter of the 12-mer tunnel varies along its length and at its most constricted part, the belt formed by the tunnel loops, the van der Waals diameter would be only B18 Å if all the loops were in the same conformation ( Figure 5F ). As the van der Waals diameter of B-form DNA is at least 5 Å larger, several sugar-phosphate groups would clash with the tunnel loops, if DNA were positioned symmetrically into the 12-subunit assembly. Our mechanistic model avoids such clashes while providing a basis for the process of translocation through two rearrangements away from a simplistic symmetrical organisation. Firstly, the DNA is shifted so that it is no longer coaxial with the portal protein, allowing a number of adjacent tunnel loops to penetrate the major groove ( Figure 7A and B) . Secondly, sequential sliding of tunnel loops relative to each (left) is sliced open (right) to give a representation with the horizontal axis corresponding to the angular position inside the tunnel; two periods of DNA are shown with two phosphates circled to provide reference points. The tilted tunnel loops (cylinders) and DNA (pink spheres centered at phosphates) are shown to scale. Numbers designate specific loops and colors designate specific conformational states. The three states-red, magenta and cyanpropagate along the circle of loops. There will be larger angular separation for the three loops occupying these three states, compared to the rest, allowing the three loops to dip into the major groove. An idealized mechanistic model of the transition between the top and bottom states requires 121 rotation of the bulk of the portal protein relative to the DNA. During this transition, loops 2-12 move with respect to the DNA, whereas loop 1 does not change its position with respect to the DNA, and together with the DNA moves by 6.8 Å relative to the capsid.
other in the form of a 'mexican wave' (Figure 7C ) will eliminate remaining clashes with the DNA while maintaining the observed coordination between neighboring loops. Such a rearrangement is consistent with their tight packing next to each other at van der Waals distances and the 151 tilt observed in the 13-mer assembly (Figure 2A) , with their apparent mobility (Supplementary Movie S1 and Figure 5D and E) and even tighter packing ( Figure 5F ) in the 12-mer and with their predominantly glycine/proline-rich character ( Figure 4B) .
The size and shape of tunnel loops observed in the X-ray structure of the 13-subunit assembly matches the size and shape of the major groove of B-form DNA ( Figure 7B ). The geometry suggests that three tunnel loops could be fitted inside the major groove at a time. Because of tight contacts, loops would have to slide into and out of the groove between adjacent phosphates. Thus, the three loops occupying the red, magenta and cyan states inside the major groove ( Figure  7C and D) must follow the 10 1 symmetry of the DNA. The 6.8 Å amplitude span along the DNA axis between the two extreme states (red and cyan) is consistent with the potential straightening of helix a6 ( Figure 4E ). The remaining nine loops (dark blue in Figure 7C and D) occupy intermediate vertical positions, with all loops forming a continuous undulating belt tightly embracing the double-helical DNA. The exact position and conformation of each loop and the nature of their interactions with the DNA are not the issue here, only that each loop will be in a unique position in relation to the DNA. The proposed crude model is based on the assumption that the DNA in the portal protein-DNA complex contains 10 base pairs per period. However, B-form DNA contains B10.5 base pairs per period and DNA conformation as well as conformations of tunnel loops within the portal-DNA complex may be affected by their local interactions. Nevertheless, the proposed structural organization of the complex could be easily adapted for such cases by small adjustments in angular spacing between adjacent loops.
DNA translocation
Based on the model of the portal protein complex with the DNA, we can now discuss a possible scenario of events during DNA translocation. Loops occupying the three structural states that fit the 10 1 symmetry of the DNA (red, magenta and cyan in Figure 7C and D) ensure engagement of the portal protein with the DNA at all stages of DNA translocation. Movement of the DNA through the tunnel would cause these three structural states to propagate sequentially along the belt of 12 tunnel loops (Supplementary Movie S2) resulting in local symmetry adjustments and generating a torque that facilitates the 121 rotation of the bulk of the portal protein with respect to the DNA helix per each step of the molecular motor. The restructuring of the tunnel loops occupying the three states inside the major groove is accompanied by positional rearrangement of remaining loops so that the net changes per cycle of the molecular motor are as follows ( Figure 7D ): (i) cyclic permutation of loop positions (1-3, 2-4, y, 11-1, 12-2); (ii) DNA translocation by 2 base pairs; (iii) rotation of the portal protein by 121 degrees relative to DNA; (iv) hydrolysis of one ATP molecule by the viral ATPase. Such a scenario of events is consistent with structural observations, mutagenesis data (Isidro et al, 2004b) , crosstalk between the portal protein tunnel loops and the ATPase (Oliveira et al, 2006) , consumption of one ATP molecule per two translocated base pairs (B6.8 Å ) (Guo et al, 1987; Morita et al, 1993) and coordinated action of the motor subunits (Chemla et al, 2005) . The overall negatively charged internal surface of the tunnel, a feature that is conserved in the f29 portal protein (Simpson et al, 2001) , will facilitate movement of the DNA and ensure that interactions controlling this movement take place only at the sections of the tunnel narrower than the diameter of the DNA.
Loop '1', which rests with respect to the DNA during the whole cycle of the molecular motor ( Figure 7D ), allows one to consider the mechanism within a general framework of mechano-chemical reactions, where a chemical event (ATP hydrolysis) forces one structural element (loop '1') to occupy a certain position (to sink into the major groove of DNA) where it remains on duty in its individual local energy minima during the most of the motor cycle and rectifies the Brownian motion of the remaining elements towards the next global minima of the whole system.
The rotation of the portal protein with respect to procapsid has been recently questioned for bacteriophage T4 (Baumann et al, 2006) , but there is no experimental evidence supporting or opposing the relative rotation of the portal protein and DNA. In principle, it is possible to adopt the proposed conformational changes for the case involving no portal-DNA rotation. However, the energy and structural considerations described earlier support mutual rotation between the portal protein and DNA. Indeed, all pathways through the energy minima of the DNA-portal protein complex involve rotation ( Figure 6 ). Moreover, the expected sliding of loops between adjacent phosphates of DNA inside the tight portal-DNA complex suggests a structural basis for the proposed rotational adjustment.
Structural and biochemical data (Oliveira et al, 2006) suggest that the tunnel loops and ATPase communicate via the molecular lever ( Figure 4E ), where movements of the tunnel loop are associated with alterations in the position of helix a5. Concomitant adjustments between helices a5 of adjacent subunits would be facilitated by the flexible nature of the subunit-subunit interface. The portal-DNA interactions described above are applicable independent of whether the force is applied to the DNA by the portal protein in response to conformational changes generated by the ATPase or whether the viral ATPase itself performs the power stroke, pushing the DNA into the capsid. In the latter case, the sequential nature of interactions between the tunnel loops and DNA could serve to coordinate ATP hydrolysis events with the position and symmetry of the DNA.
Materials and methods
Crystallization and X-ray data collection Diffracting crystals were obtained for the SPP1 portal protein gp6SizA with the amino-acid substitution N365K. This mutation reduces the length of encapsidated DNA but does not affect the DNA packaging process (Tavares et al, 1992) . Purification and crystallization have been described previously (Jekow et al, 1998) . The best crystals were obtained using the hanging-drop vapor diffusion. Solution with 8 mg/ml of protein was mixed in a 1:1 ratio with the reservoir solution containing 20% PEG 400, 100 mM CaCl 2 , 50 mM HEPES pH 7.6 and 10% glycerol, which acted also as a cryoprotectant. The diffraction quality of the crystals was improved from B4.5 to B3.5 Å by the addition of 0.5-2.5 mM HgCl 2 directly to the protein solution. Crystals belong to the C2221 space group with a ¼ 174.3, b ¼ 221.4 and c ¼ 421.9 Å . X-ray data from native protein crystals and from the mercury chloride derivative were collected at 100K using synchrotron radiation at the ESRF storage ring (Table I) to 4.1 and 3.4 Å , respectively. The data were processed using DENZO and SCALEPACK (Otwinowski and Minor, 1997) .
X-ray structure determination Structure was determined using the CCP4 suite of crystallographic programs (Collaborative Computational Project N4, 1994) . The crystal asymmetric unit contained one 13-mer of molecular mass 745 kDa (Jekow et al, 1998) and the self-rotation function showed a clear 13-fold symmetry. The isomorphous difference data (but not the anomalous) for the Hg derivative showed a similar pattern. As each subunit contains only one cysteine residue (C55), it was expected that only 13 Hg atoms would bind to the complex. Neither the isomorphous nor the anomalous difference Patterson syntheses showed a clear vector pattern, and automated Patterson search and direct method procedures failed to find a solution. The structure was solved by imposing 13-fold symmetry constraints during the heavy atom search, using the procedure implemented for structure determination of TRAP protein 11-mer (Antson et al, 1995) . A series of models for a molecular replacement search against the isomorphous differences were constructed as planar rings of 13 equally positioned atoms with radii varying from 10 to 100 Å and a step size of 1 Å . The correlation coefficient (CC) of the rotation function calculated by AMORE (Navaza, 2001 ) peaked at 21.8% for the 41.0 Å radius model (next CC ¼ 13.5%), and the translation function gave a clear solution with a CC of 15.3% (next CC ¼ 12.7%). Initial phasing was performed at 4.1 Å using native data and both isomorphous and anomalous signals. For the refinement of heavy atoms, we used our own program (AA Lebedev, unpublished), which takes into account external phases during the refinement (in this case, phases from averaged map). The phases were extended to 3.4 Å using an iterative procedure of averaging alternated by heavy atom refinement and phase combination. The model was built using QUANTA (Accelrys) and refined using REFMAC (Murshudov, 1997) . Initially, only the a-helical region around the tunnel was visible in the electron density map. This was built as polyalanine segments. The first model contained 44.6% of the final structure although the direction of some segments was incorrect. Several rounds of refinement imposing non-crystallographic symmetry restraints, followed by rebuilding into the 13-fold averaged map, allowed the correction and expansion of the model. Owing to the limited resolution, TLS parameters but not individual atomic B factors were refined. The final model contains all residues except for 26 N-terminal residues and 37 C-terminal residues; a segment of 69 residues (170-238) in the wing can only be partially modeled by a 30-residue polyalanine segment.
Fitting the X-ray structure into the EM map of the connector The connector contains a 12-mer of gp6 in association with 12-mers of gp15 and gp16 (Orlova et al, 2003) . Molecular replacement techniques implemented in MOLREP (Vagin and Teplyakov, 1997) were used to fit the X-ray atomic model into the EM map. The spherically averaged phased translation function (Vagin and Isupov, 2001 ) was first used to position the center of mass of the search model, and then a phased rotation function was used to find the orientation (this is the other way round compared to the conventional molecular replacement approach, which does not use phase information). Two adjacent subunits from the X-ray structure of the 13-mer were used as a search model. The protocol was repeated for both original and mirror EM maps with map scale factors ranging from 0.9 to 1.2. The best CC was obtained for a set of six dimers making up a 12-mer, for a map scaled by 1.08. CC was 15% better for the map with a correct hand. The 12 subunits were initially refined as rigid bodies with strict 12-fold symmetry constraints; during this procedure the CC increased from 0.19 to 0.25. The fitting revealed differences in conformation between the gp6 molecules in the X-ray and the EM structures. To best interpret this and exclude the effect of gp15 and gp16 on the packing, each monomer was dissected into 13 domains for further symmetryconstrained rigid-body refinement. The division into domains was made following manual inspection to allow compact parts of each subunit, such as the crown, the b-sheet of the wing and the tunnel loop together with the N-terminal portion of helix a6 (up to the kink), to move independently. The symmetry-constrained rigidbody fitting did not result in unfavorable contacts, except for few areas shown in Figure 5F . The domain movements mentioned in the main text refer to a mean coordinate shift between the two positions-before and after the rigid-body fitting, averaged over all atoms of a particular domain. Improvement in the fitting was monitored by further increase in the CC (to 0.36).
Secondary structure prediction
For HK97, T4 and Epstein-Barr portal protein secondary structures were predicted using PSIPRED (Jones, 1999; McGuffin et al, 2000) . Similar predictions for the SPP1 and the f29 portal proteins resulted in secondary structure elements whose length and position were in good agreement with those observed in the X-ray structures. In all cases, the segment lining the walls of the central tunnel is 30-31 residues long and contains a b-strand followed by an a-helix. This segment is rich in negatively charged residues (usually 4-6 Asp/Glu amino acids). In all shown sequences, there is a negatively charged residue at the entrance of the tunnel (highlighted in red in Figure 4B ). Alignment of homologous sequences shows that this is a conserved feature although in a few cases, there is Asn, Ser or Gly in this position.
Normal mode analysis
Normal mode analysis calculations were performed with the X-ray structure of the 13-mer using the elNemo server (Suhre and Sanejouand, 2004) . To imitate stabilizing effects of the capsid embracing the portal protein, the exterior segments of the portal protein were represented by all atoms, whereas the segments lining the tunnel including the tunnel loop were represented by their Ca atoms. The tunnel loop makes only two hydrogen-bonding interactions with the crown and should, therefore, be able to move independently. The crown was therefore excluded during calculations of normal modes but repulsion interactions with it were accounted for by restricting the span of the motion. With this approach, 11 out of 25 lowest frequency modes involved significant motions of the tunnel loops. Supplementary Movie S1 corresponds to one of these modes.
Figures and movies were produced by BOBSCRIPT (Esnouf, 1997) .
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
